We assess brain areas involved in speech production using a recently developed lesion-symptom mapping method (voxel-based lesion-symptom mapping, VLSM) with 50 aphasic patients with left-hemisphere lesions. Conversational speech was collected through a standardized biographical interview, and used to determine mean length of utterance in morphemes (MLU), type token ratio (TTR) and overall tokens spoken for each patient. These metrics are used as indicators of grammatical complexity, semantic variation, and amount of speech, respectively. VLSM analysis revealed that damage to the anterior insula was predictive of low scores on MLU and tokens, consistent with prior findings of the role of this region in speech production [Dronkers, N. F. (1996). A new brain region for coordinating speech articulation. Nature, 384(6605), 159-161]. Additionally, the inferior frontal gyrus, sensorimotor and anterior temporal areas were also associated with lower scores on both of these measures. Overall, token and MLU maps were highly similar, suggesting an overlap between grammatical language networks and overall fluency. TTR maps also shared some portions of this network, but damage to posterior temporal regions also reduced scores on this measure. These results represent the first voxel-based lesion analysis of speech production performance in aphasic patients.
Introduction
It has long been known that deficits in language production can be caused by injury to the left hemisphere. Neurologists and neuropsychologists typically classify these aphasias into two major categories-fluent and non-fluent-based upon how spoken language abilities are affected. In fluent aphasia, patients present with relatively effortless speech output, though the content of the speech may vary from good to incomprehensible. In contrast, non-fluent aphasia is characterized by slow, effortful speech, and reduced grammatical complexity and phrase length, but with a relative sparing of content word use (Goodglass, 1993) .
Despite having been studied for over a century, the lesion correlates of these basic kinds of aphasia, particularly non- * Corresponding author at: 9500 Gilman Drive #0515, San Diego, CA 92093- fluent aphasia, are far from clear. Initially, Paul Broca suggested that lesions in the inferior frontal gyrus, now corresponding to Brodmann's areas (BA) 44 and 45, were implicated in speech production disorders (Schiller, 1992) . However, as advances in technology have made patients' lesion information easier to obtain (e.g. CT and MRI scans), lesion-symptom relationships derived from the classical models of aphasia have proven to be less predictive than expected. In many instances, left frontal lesions do not result in Broca's aphasia (Basso, Lecours, Moraschini, & Vanier, 1985; Willmes & Poeck, 1993) . Moreover, fluency problems can be reliably associated to lesions outside of Broca's area, including underlying white matter tracts and anterior insula (Bates et al., 2003; Damasio, 1992; Dronkers, 1996; Mohr et al., 1978) . Conversely, lesions to Broca's area can cause deficits in domains other than speech production, indeed even outside of language (Saygin, Wilson, Dronkers, & Bates, 2004) .
There have also been a number of functional neuroimaging studies that have explored single word production. However, naturalistic or spontaneous speech production is not commonly
